In Brief
Highly social animals with castes have recruitment with efficient foraging and defense, making these species competitively superior. Engel et al. report the first soldiers and definitive worker termites from the Cretaceous, which have adaptations very similar to modern species, indicating that termites probably had the original societies.
A hallmark of animals that are eusocial, or those with advanced sociality, is reproductive specialization into worker and queen castes [1] [2] [3] . In the most derived societies, these divisions are essentially fixed and in some arthropods, include further specialization-a tripartite system with a soldier caste that defends the colony [1] . Eusociality has originated numerous times among insects but is believed to have appeared first in the termites (Isoptera), in the Early Cretaceous [4] . However, all termites known from the Cretaceous have, until now, only been winged reproductives (alates and dealates); the earliest soldiers and definitive workers were known from just the Miocene (ca. 17-20 million years ago [mya]) [4] . Here, we report six termite species preserved in Early Cretaceous (ca. 100 mya) amber from Myanmar, one described as Krishnatermes yoddha gen. et sp. nov., comprising the worker/pseudergate, winged reproductive, and soldier, and a second species, Gigantotermes rex gen. et sp. nov., based on one of the largest soldier termites yet known. Phylogenetic analysis indicates that Krishnatermes are in the basal ''Meiatermesgrade'' of Cretaceous termites. Workers/pseudergates of another four species are briefly described, but not named. One of these workers/pseudergates reveals that ants-the most serious enemies of modern termites-lived in close proximity to termites in the Burmese paleofauna. These discoveries demonstrate the Mesozoic antiquity of specialized termite caste systems and corroborate that among all social species, termites probably had the original societies.
RESULTS AND DISCUSSION
Advanced sociality, or eusociality, in which a colony of parents with several cohorts of their offspring are specialized into castes behaviorally and sometimes morphologically [1] [2] [3] [4] [5] , is essentially an arthropod phenomenon. The only vertebrate exceptions to this are two species of African mole rats; otherwise, eusociality occurs in such myriad arthropods as a genus of snapping shrimp, a genus each of gall-forming aphids and thrips, a species of bark beetle, seven lineages of stinging (aculeate) wasps (including all ants, four groups of bees, one crabronid wasp, and most Vespidae), as well as in all 3,100 species of termites [4] . All of these taxa inhabit durable nests that are provisioned for feeding offspring and defended. In the earliest stages of eusociality, siblings and offspring remain in the nest and take on the behavioral role of workers, while retaining some reproductive capacity. In subsequent evolutionary stages this system was modified by the appearance of morphologically specialized workers who lost their fertility, further augmented by a third and even more specialized caste, the soldier, which exists solely for colony defense and in some cases is even unable to feed itself [1] . Eusociality evolved most often in aculeate wasps apparently because the hymenopteran sex-determining mechanism of haplodiploidy substantially increases the inclusive fitness of siblings [6, 7] , although this has been disputed [8, 9] . Indeed, close genetic relatedness among nestmates, via inbreeding or some form of parthenogenesis, is the rule in eusocial arthropods [4] , the major exception being termites.
The origin and maintenance of eusociality in termites is generally attributed to their feeding habits. Except for the recently evolved Macrotermitinae, colonies of which cultivate a symbiotic fungus on which they feed [10] , all other termites depend on a diverse flora of symbiotic intestinal protists or bacteria that metabolize cellulose and exist exclusively in termites. Every non-macrotermitine termite must obtain its gut microbiota via anal trophallaxis from nestmates. The Isoptera is the only major group of arthropods in which all species have a morphologically distinctive worker and/or pseudergate caste; in basal ants (e.g., poneromorphs) and eusocial bees (basal corbiculates and some halictines), the morphological differentiation between workers and reproductives is slight, and soldiers do not exist [5, 11, 12] . Pseudergates can regress late in nymphal development into worker-like individuals; the development of true workers is established early and irreversibly, including atrophy of the gonads [13] . The distinction is an important one, but, for simplicity, our use of ''worker'' here refers to ''worker and/or pseudergate'' unless specified. For termites, in contrast to ants, the soldier caste is nearly ubiquitous, lost only in several recently evolved genera [14] . Isopterans have an arsenal of soldier defenses: greatly enlarged heads, many with mandibles that are either elongate and heavily toothed or scissor-like and twisted (which interlock and snap), or in many Nasutitermitinae, the mandibles are vestigial and the nozzle-shaped heads spray gluey secretions on the enemy. Nasute soldiers with tiny mandibles, in fact, cannot feed themselves and depend upon nestmate workers.
The fossil record of termites has been essentially one of only alates, the winged, reproductive individuals. The earliest definitive fossilized workers and soldiers have been, until now, those of six species in the Mastotermitidae, Rhinotermitidae, and Termitidae preserved in Miocene amber (ca. 17-20 million years ago [mya] ) from the Dominican Republic [4, 15, 16] . Dominican amber termites are remarkably diverse and the species extremely similar to modern ones. Oddly, worker and soldier termites have not been found even in Eocene Baltic amber, which is the most productive amber deposit and probably the most diverse fossil insect assemblage [4, 17, 18] . The report of a worker specimen with possible affinities to the Cretaceous genus Meiatermes (otherwise known from alates and isolated wings) is based on a wingless specimen in limestone from the Early Cretaceous of Spain [19] . If this is a worker, its preservation does not exhibit detail that can exclude it being an imago with shed wings or simply a nymph. It was identified as a worker since eyes were not visible (their absence is not definitive), and mandibular dentition is not fully preserved. Also, the head is rectangular, not rounded as occurs in all known termite workers. Although there are various Paleogene fossil termite nests and several definitive ones from the Late Cretaceous [14, 20] , family attributions of the latter in particular are uncertain and so have not refined our understanding of the earliest origins of termite social behavior.
Phylogenetic evidence predicts that termites extend into the Late Jurassic [21] , possibly into the mid-Jurassic or even Late Triassic, 180-226 mya [22] . These studies were based on the morphology of fossil and exemplar Recent termites [21] , as well as total-evidence (morphology + molecular data) analyses [22] , and consistently indicate that Cretaceous alate termites form an extensive basal grade in the isopteran tree. Only one Cretaceous fossil termite is more basal than the most primitive living species, Mastotermes darwiniensis from northern Australia, so sociality in Cretaceous termites has been inferred from the fact that M. darwiniensis is eusocial. Definitive, direct evidence for specialized termite castes or eusociality in the Cretaceous has been lacking until now.
The termites reported here were recovered from mid-Cretaceous amber of northern Myanmar (earliest Cenomanian, ca. 100 mya), famous for its diversity of arthropod and even vertebrate inclusions [23] . Termites in these deposits, like all Cretaceous outcrops, are uncommon and represent less than 1% of all inclusions [21] . A prior study reported five genera and six species of Burmese amber termites, all based on alates [24] . Our present material comprises four large reproductives ( Figures 1A-1D ), three complete with wings, the fourth of which had removed its wings (a dealate: Figure 1C ); nine workers (in six amber pieces) ( Figure 2) ; and the soldiers of two distinctively different species ( Figures 1E-1G ). The soldier specimens have some unique traits but otherwise possess the complete suite of specializations found in modern termite soldiers and are utterly unlike any major workers of extant eusocial groups [14] ; their mandibular dentition, in fact, is nearly identical to soldiers of the living relict family Archotermopsidae [14, 25] . The fossil workers are clearly separable into five species, one of which is associated with an alate and the small soldier. This species, Krishnatermies yoddha, n. gen. et n. sp., is the first Cretaceous termite known from all three castes. The four other species known only from workers are not formally described (Supplemental Information). Details of the imago wings aided phylogenetic placement of K. yoddha among living and extinct families and genera of Isoptera [14, 21] (Figure 4 ). Complete descriptive details and discussion of affinities of the taxa are provided in the Supplemental Information. ZooBank LSID (species name): urn:lsid:zoobank.org:act: 0DA40661-D141-40BA-A3A4-B8A55F85E4C8.
Systematic Paleontology
Etymology. The generic name is a combination of a prefix honoring the late Kumar Krishna (1928 Krishna ( -2014 , world authority on termites, and the suffix termes, Greek for ''termite.'' The gender of the name is masculine. The specific epithet is from the Hindi Y od'dh a, meaning ''warrior,'' in reference to the earliest termite soldier (it is unknown whether the name of the fictional Jeddi Master from Star Wars, Yoda, was adapted from this Hindi word).
Referred Material. Holotype imago (Figures 1, 2, 3 , S1, and S2), JZC-Bu1839a; paratype alate (Bu1839b), same piece as holotype; paratype soldier, JZC-Bu183; paratype workers, AND Bu942a, b. All are preserved in amber from the Albian-Cenomanian boundary (ca. 100 mya) [26] , Kachin Province, northern Myanmar. Diagnosis, All Castes. Right mandible with at least two marginal teeth, each tooth about as long as apical tooth, subsidiary tooth present; antenna moniliform, with 14-18 articles; compound eyes (when present) circular, without emargination, well separated from posterior border of head; ocelli absent; fontanelle absent; ventral cervical sclerite absent; procoxa with shallow ventral keel; femora not carinate or keeled ventrally; all tarsi wholly pentamerous; tibial spur formula 3-4-4, spurs serrated, asymmetrical; 2-3 short cercomeres.
Diagnosis, Imago. Mandible completely covered by labrum; pronotum large, flat, broader than head, with prominent apicolateral angles; tibia with outer spines along length; pretarsal arolium present but very small; wing membrane hyaline, reticulate; forewing scale large, greatly overlapping hind wing base, humeral margin convex, basal suture convex, all veins originating within scale, with faint reticulation in scale posterior to M and CuA; vein Sc long; multiple, elongate R veins; R 1 simple, terminating in apical fifth of wing; R 2 bifurcating near wing margin, terminating just anterior to Rs termination; Rs long, terminating just anterior to wing apex; radial field not expanding apically, relatively uniform across length; M branching near wing mid-length, encompassing apical third of posterior wing margin, anterior branch terminating just posterior to wing apex; hind wing without defined scale, lacking basal suture (wings chewed off at jagged margin in dealate), without anal lobe.
Diagnosis, Worker/Pseudergate. Mandible completely covered by labrum; eye present, ca. 0.10 mm diameter, without facets, slightly separated from antennal socket; pronotum with anterior margin thickened, slightly upturned and concave, apicolateral angles acute but rounded; pretarsal arolium minute or absent.
Diagnosis, Soldier. Head dorsoventrally compressed, darkly sclerotized, long relative to body length; mandibles extending beyond labral apex; compound eye reduced (no facets); pronotal angles slightly more acute; arolium absent or highly reduced. Gigantotermes rex Engel, Barden, et Grimaldi, gen. et sp. nov. ZooBank LSID (generic name): urn:lsid:zoobank.org:act: 052379CA-5B56-4038-BA07-08C6196C432D.
ZooBank LSID (specific epithet): urn:lsid:zoobank.org:act: 7518E6CC-3FBE-4F0D-9E53-5F4915992348.
Etymology. The generic name is a combination of a prefix in reference to the large size of the soldier and the typical Greek suffix for termites, termes. Gender of the name is masculine. The specific epithet, rex, is from the Latin, meaning ''king'' or ''ruler'' (also in reference to the size of the soldier).
Referred Material. Holotype soldier ( Figures 1G and 3) , AMNH Bu-TJ001; in Early Cretaceous amber from northern Myanmar [26] .
Diagnosis, Soldier. Unique among all known solider termites, very large, ca. 2 cm in body length; head large, ca. 0.43 total length of body, lateral margins parallel. Mandibles large, with two inner marginal teeth (similar in many details to the soldier mandibles of Archotermopsis wroughtoni); apical tooth long, pointed, curved. Portion of gena below antennal insertion pointed and projecting; compound eyes vestigial, epicranial Y-shaped ecdysial cleavage scar present. Pronotum distinct, massive (slightly wider than head, greatest length approximately half that of head); anterior margin with deep concavity, producing distinctive anterolateral points. Tibiae with spines having serrated edges; metafemur very large, swollen; tarsi wholly pentamerous; hind pretarsal claws enlarged, arolium absent or highly reduced.
The Meiatermes-grade of genera, to which Krishnatermes belongs, lies between the basal-most termites (Garmitermes, Cratomastotermes, and Mastotermitidae) and the remainder of the Isoptera. Mastotermitidae was global during the Cretaceous and much of the Cenozoic [14, 27] but contains now just the relict species M. darwiniensis. Like mastotermitids, K. yoddha primitively retains fully pentamerous tarsi, well-developed and serrated tibial spines, a 3-4-4 tibial spur formula, a large forewing scale in which all of the primary veins originate and that bears distinct reticulations, multiple R veins, and a very large imago pronotum that is slightly produced apicolaterally. Interestingly, the dealate specimen JZC Bu156 ( Figure 1C) , which is an undescribed species of Krishnatermes, has a hind wing scale that lacks a basal suture. In those mastotermitids where the hind wing scale can be carefully observed, the basal suture is also absent. In all living termites except M. darwiniensis, both pairs of wings are shed along the basal suture; in M. darwiniensis, the hind wings are chewed off at the base, producing a distinctive ragged edge in dealates similar to that observed in Garmitermes succineus in Baltic amber [17] and the dealate female studied herein. Derived features shared between K. yoddha and the Euisoptera [21] are loss of the hind wing anal lobe and the occipital suture (which distinctively traverses the length of the gena in M. darwiniensis and other primitive termites).
Placement of Gigantotermes and the other species of Burmese amber workers is imprecise in lieu of alates and the other castes. In Gigantotermes, the pronotum is relatively larger (at least twice the size) than in any living species of termite soldier; the head is most similar in overall shape to that of the genus Stolotermes (Stolotermitidae: Neogene to Recent), differences being that the latter has smaller mandibles, a pronotum about half the size, and four (instead of five) tarsomeres. The mandibular dentition of Gigantotermes is generally similar to that of Archotermopsis and to a lesser degree Hodotermopsis [25] of the primitive family Archotermopsidae [21] , and all have soldier mandibles that project well in front of the head. However, these similarities in dentition are apparently plesiomorphic, and it is unlikely that Gigantotermes is an early archotermopsid since it lacks the broadened and dorsoventrally compressed head capsule bearing well-developed temples [25] . Based on the plesiomorphic conditions of pentamerous tarsi, a Y-shaped epicranial scar, mandibular structure and dentition, and at least three serrated, asymmetrical tibial spines on each leg, Gigantotermes probably also lies within the basal Meiatermes-grade of Cretaceous termites. The four unnamed species of workers ( Figures  2 and S3) have the same conditions of the tarsi, leg spines, mandibles, and Y-shaped ecdysial scar and are probably all within this basal grade.
The body size of termite soldiers varies widely, but, with the exception of modern Archotermopsis and Porotermes adamsoni, soldiers are on average 0.803 the length of alates (refer to Supplemental Information). Given the proportions of the soldier of Gigantotermes rex, it should correspond to an as-ofyet unknown alate termite from the Cretaceous with a body 
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Figure 4. Phylogeny of Basal Living and Fossil Taxa of the Termites-Isoptera
Cladogram based on unweighted tree using 111 characters (mostly morphological) [21] (see Supplemental Information; matrix at http://purl.org/phylo/treebase/ phylows/study/TB2:S18665). Relationships within speciose living families (i.e., Neoisoptera: Rhinotermitidae, Termitidae) are not depicted; the position of Krishnatermes yoddha gen. et sp. nov. is shown with a bold arrow. Gigantotermes gen. nov. and the unnamed species of Burmese amber workers probably lie within the Meiatermes-grade of Cretaceous genera. Ages of nodes do not necessarily reflect divergence times. See also Figure S4 , which gives full topologies and support values.
A very large primitive termite (Gyatermes styriensis) is known as an isolated forewing from the Upper Miocene (ca. 11.3 megaannum [Ma]) of Austria, which has a length of 3.35 cm [28] . The soldiers of the largest species of Syntermes are slightly larger than Gigantotermes (e.g., Syntermes aculeosus, S. spinosus 2.05-2.15 cm body length; Supplemental Information). Thus, the extraordinary size of Gigantotermes is comparable to that of two unrelated genera that have the largest known body sizes. Body size of workers is always smaller than that of alates (on average 0.733); the worker of K. yoddha is small (0.413) relative to the alate, the soldier slightly larger (0.513).
A unique piece of amber (AMNH TJ Bu-002) was discovered containing a worker ant of Gerontoformica gracilis and a worker termite (not of K. yoddha) ( Figure 1H and Supplemental Information). The termite is partially decayed but preserves diagnostic characters of the mandibles, head capsule, pronotum, and tarsal structure. The ant is better preserved, with all appendages articulated and a long sting protruding; both specimens lie on the same flow surface. The ant faces the termite, its head approximately 5.5 mm away from the posterior end of the termite abdomen, less than either body length. Burmese amber preserves a diverse array of ants [12, [29] [30] [31] [32] and alate termites [24, 33] , but this is the closest co-occurrence of the two groups from the Cretaceous. Modern ants are notorious enemies of termites [34] : ''The two groups have undoubtedly been locked in struggle for the greater part of the 100 million years of their coexistence, with ants acting as the active aggressors for the most part and termites as the prey and resisters'' [4] . Many ants are opportunistic predators of termites, but some are specialized, obligate termitivores, particularly among the poneromorphs [35] (e.g., some species of Leptogenys, Megaponera, Paltothyreus, and Pachycondyla), but even including some small Myrmecinae such as Tetramorium, Eurhopalothrix, and Proatta. Today, ants have effects on termites at the scale of biological communities [36] [37] [38] [39] .
The scarcity of ants and termites in the Cretaceous makes it unlikely that the former was a major selective force on termites at this time, especially since the earliest termites preceded the earliest ants by at least 30 million years based on direct fossil evidence. Whether the earliest termites had soldier castes is unknown. Phylogenetic estimates of ant age are based on morphology and fossils [40] and molecular models [41] [42] [43] and range from 116 mya to 168 mya. Since the earliest definitive fossils of aculeate wasps (a group to which ants belong) are from the Early Cretaceous ca. 130 mya [4] , the younger estimates of ant age (116-125 mya) are realistic. The phylogenetic position of the oldest fossil termite Baissatermes lapideus, a lithified alate from the Early Cretaceous of Siberia (ca. 130 million years old), is immediately basal to the Kalotermitidae and Neoisoptera (Figures 4 and S4 ) [21] , suggesting that it was eusocial. This, plus the discovery that a Meiatermes-grade genus in the Cretaceous, Krishnatermes, possessed all three fully developed castes, indicates that termite eusociality extended into the Late Jurassic. As such, and if eusociality indeed imparts such adaptive superiority, why did it take about 50 million years for termites to become ecologically dominant [21] ? Also, if ants today impose major selection pressures for the maintenance and diversity of termite soldiers, it remains to be explained what apparently caused soldier termites to appear tens of millions of years prior to ants.
EXPERIMENTAL PROCEDURES
The new taxonomic names are registered in ZooBank urn:lsid:zoobank.org:-pub:D2412BFB-2B1C-4D62-9CB0-6F0D338868A0. Type specimens are deposited in the American Museum of Natural History, New York (AMNH), some on indefinite loan. Inclusions were prepared by trimming, grinding, and embedding in EpoTek 301-T synthetic resin for optimal observation and imaging using stereomicroscopy (Nikon SMZ1500 with NIS Elements software) and compound microscopy (Nikon Eclipse with Nikon D3 DSLR camera and HeliconFocus software). Scans were performed at Cornell University with a Zeiss VERSA XRM-520 nano-CT scanner utilizing various specimen-dependent voltages, currents, and exposure settings. Image stacks were rendered and analyzed in OsiriX (64 bit v.5.5) and Avizo 8.0 (VSG). Specimens of the three castes of Krishnatermes yoddha were morphologically coded using the earlier data matrix of living and fossil termites [21] , supplemented with three additional characters (refer to Supplemental Information), for 111 characters in total. Only 14 characters were unobservable for K. yoddha, so 87% of the characters could be coded for this fossil species. The morphological matrix (which can be found in the TreeBASE data repository at http://purl.org/phylo/ treebase/phylows/study/TB2:S18665) was run using the parsimony-based program TNT v.1.1 [44] , using both weighted and unweighted parameters (unweighted tree summarized in Figure 4 ; weighted and unweighted trees with support values given in Figure S4 ).
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